Abstract The purpose of this study was to evaluate the prevalence, pattern and size of bone marrow changes on short-tau inversion recovery (STIR) magnetic resonance (MR) images of asymptomatic feet and ankles. In 78 asymptomatic volunteers (41 women, 37 men; median age 47 years; range 23-83 years) sagittal STIR MR images of hindfoot and midfoot were reviewed for various patterns of high signal changes in bone marrow. The size of these bone marrow changes was measured, and signal intensity was rated semi-quantitatively using a scale from 0(=normal) to 10(=fluid-like). Fifty percent (39/78) of all volunteers had at least one bone marrow change. Thirty-six percent (28/78) of all volunteers had edemalike changes, 26% (20/78) had necrosis-like changes, and 5% (4/78) had cyst-like changes. The long diameters of all changes varied between 4 mm and 16 mm (median 7.5 mm). The median signal intensity for all changes was 5.0 (range 1-10). Bone marrow changes on STIR MR images are commonly detected in asymptomatic feet and ankles. However, such changes tend to be small (<1 cm) or subtle.
Introduction
Magnetic resonance (MR) abnormalities with increased signal on T2-weighted or short-tau inversion recovery (STIR) images in the foot and ankle are found in a wide array of conditions, including occult fractures, osteochondral defects, disorders of tendons with subtendinous bone marrow abnormalities, osteoarthritis, inflammatory arthropathies, osteomyelitis, neuropathic arthropathy, benign and malignant neoplasm [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Such abnormalities are clinically relevant and are often associated with pain [2, [11] [12] [13] . However, increased signal on STIR images may also represent normal variants or clinically asymptomatic abnormalities. Lohman et al. [14] reported that in individuals performing recreational sports a number of MR findings, including bone marrow edema, occur without any symptoms. On the other hand, little is known about the prevalence, size and location of increased signal on STIR images in the bone marrow of asymptomatic feet and ankles. We believe that such knowledge is relevant because these signals may simulate disease, potentially leading to unnecessary diagnostic work-up and treatment.
Thus, the purpose of this study was to evaluate the prevalence, pattern and size of bone marrow changes on STIR MR images of asymptomatic feet and ankles.
Materials and methods

Asymptomatic volunteers
Seventy-eight asymptomatic volunteers (41 women, 37 men; median age 47 years; range 23-83 years) were prospectively included in the study. Asymptomatic volunteers had to fulfill following inclusion criteria: (1) age older than 20 years, (2) no foot and ankle complaints, (3) no previous foot and ankle surgery, (4) no history of trauma of the foot/ankle for the last two years, (5) no inflammatory musculoskeletal disease. Written informed consent was obtained from each volunteer. The study was approved by the local investigational board. The study protocol planned to include 14 volunteers (seven men and seven women) for each decade between ages 20 and 80 or older. However, one female volunteer in the fifth decade had to be excluded because one MR series was not correctly saved on the PACS. One male volunteer in the sixth decade was excluded because he had pronounced tendon and ligament abnormalities, casting some doubts on the reliability of the volunteer during the recruiting interview. Due to difficulties in finding asymptomatic elderly volunteers, only ten asymptomatic volunteers (three men, seven women) could be included for the subpopulation older than 70 years.
MR imaging
MR imaging of the hindfoot, including the ankle and midfoot, was performed with a 1.5-T system (Symphony; Siemens Medical Solutions, Erlangen, Germany). Subjects were examined in the supine position with the ankle in neutral position in the extremity coil. Sagittal T1-weighted spin-echo images (repetition time, echo time, 330/14 ms, 3-mm section thickness, 19-cm field of view, matrix size 512×512) and sagittal fast spin echo STIR images (4,000/89/170 ms inversion time, 3-mm section thickness, 19-cm field of view, matrix size 512×512) were obtained. These two sequences were adapted from our standard sequences for patients with hindfoot and midfoot abnormalities. The cause that the forefoot was not included in this study was that in our institution, the forefoot examination is performed separately in prone position with a smaller field of view.
Qualitative analysis MR examinations were analysed in consensus by two readers [two staff radiologists with eight years (M.S.) and three years (S.D.) of experience in musculoskeletal radiology] using a PACS Workstation (Cerner ProVision, Idstein, Germany). The following distinct patterns of bone marrow abnormalities were recorded [15, 16] :
Edema-like bone marrow changes characterized by illdefined, low signal intensity (in comparison to normal fatty marrow) on T1-weighted images and high signal intensity on STIR images. Type 2:
Necrosis-like changes characterized by well-defined, low signal intensity on T1-weighted and high signal intensity on STIR images. Type 3:
Cystic bone marrow changes characterized by welldefined, round, homogeneous, with low signal intensity on T1-weighted and with pronounced hyperintensity on STIR images. The cystic bone marrow changes were categorized as either subarticular or intraosseous. Moreover, surrounding edema-like changes were recorded.
For each bone marrow change, the anatomic location was recorded. Multiple changes were also noted. In addition, tendon abnormalities, plantar fasciitis and osteoarthritis adjacent to the signal abnormalities were noted.
Quantitative and semi-quantitative analysis
The size of all bone marrow changes determined by the experienced readers was measured by a trained fourth-year resident (V.Z.) using the PACS workstation. The maximal diameters in the cranio-caudal and anterior-posterior orientations were measured. The area of the abnormality was calculated with the ellipsoid formula: [(a×b)/4]×Pi; where a is the long diameter and b is the short diameter.
The signal intensities of the bone marrow changes on the STIR images were graded semi-quantitatively from 0 to 10 (0: signal intensity identical to normal bone marrow; 10: hyperintensity comparable with fluid) in analogy to a visual analogue scale score by the same fourth-year resident. In volunteers with multiple changes, the most conspicuous finding was assessed.
Statistics
Descriptive statistics were used to demonstrate the prevalence of the changes. Associations between gender and the different types of bone marrow changes were tested by the chi-square test. To analyse associations between age and the various bone marrow changes, the Wilcoxon rank sum test was used. The relationship between the size of bone marrow changes, age and gender was analysed by a Spearman rank correlation (age) and a Wilcoxon rank sum test (gender). A P value of <0.05 was considered to indicate statistical significance. SPSS (version 11.5.0; SPSS, Chicago, Ill.) was used to perform all statistical calculations.
Results
Prevalence and location of bone marrow changes
Fifty percent (39/78) of all volunteers had at least one bone marrow change in the hindfoot or midfoot. Type 1 bone marrow changes (Figs. 1, 2) were seen in 36% (28/78) of volunteers, Type 2 bone marrow changes (Fig. 3 ) in 26% (20/78), and Type 3 bone marrow changes (Fig. 4) in 5% (4/78). Three cysts were subarticularly located and one cyst was intraosseous near the Achilles tendon insertion. All subarticular cysts were surrounded by edema-like bone marrow changes, while the intraosseous cyst was not. The prevalence of feet with multiple changes was 24% (19/78) . Ten volunteers had two changes, five had three, four had four, and one had six. No significant association (chi square test P values ranged between 0.29 and 0.92) was present between gender and presence of bone marrow changes. Bone marrow changes were found in the fibula (n=2), the tibia (n=8), the talus (n=16), the calcaneus (n=15), the navicular (n=3), the cuboid (n=4), the medial cuneiform (n=8), the intermediate cuneiform (n=5) and in none of the lateral cuneiforms. In one volunteer (61 years old), Type 1 bone marrow changes were seen in an os tibiale externum. In 14 volunteers, an os trigonum was found, of which 36% (5/14) presented with edema-like signal.
Prevalence of bone marrow changes related to age Thirty-six percent (10/28) of bone marrow changes were found in 20-to 39-year-old volunteers, 65% (17/26) in 40-to 59-year-old volunteers, and 50% (12/24) in 60-to 83-year-old volunteers. In 20-to 39-year-old volunteers, Type 1 changes were most commonly found (prevalence 36%; 10/28), Type 2 changes were uncommon (11%; 3/28) and cystic Type 3 changes were not seen. In 40-to 59-year-old volunteers, Type 1 (46%; 12/26) and Type 2 (38%; 10/26) changes were equally common; Type 3 changes were seen once (a 51-year-old volunteer). In volunteers above the age of 60 years, Type 1 (25%; 6/24) and Type 2 (29%; 7/24) changes were equally common; Type 3 changes were rare (three volunteers, aged 63, 63 and 76) (Fig. 5 ).
Bone marrow changes associated with osteoarthritis, tendon insertion and ligament attachment
Bone marrow changes associated with osteoarthritis were exclusively found in volunteers above age 50. The prevalence of osteoarthritis was 0% between ages 20 and 49 (0/41), 8% (1/13) between ages 50 and 59, 36% (5/14) between ages 60 and 69, and 40% (4/10) in volunteers above age 70. In four volunteers (5%), bone marrow changes were located adjacent to a tendon or fascia. There was a calcaneal edema-like signal adjacent to a thickened plantar fascia (45 years old), a calcaneal cyst at the insertion of a normal Achilles tendon in a 51-year-old Fig. 4 A 76-year-old ). The long diameters of all changes varied between 4 mm and 16 mm (median 7.5 mm). The corresponding values for Type 1 changes were 4-16 mm (7.5 mm), for Type 2 changes 4-9 mm (6.0 mm) and for cystic Type 3 changes 4-7 mm (5.5 mm) ( Table 1) . Type 1 changes longer than 1 cm were detected in six feet. The diameters of Type 2 and 3 changes were all shorter than 1 cm. The areas of the changes did not differ significantly (Wilcoxon rank sum test, all P values >0.29) between men and women. No significant relationship between size of the changes and age was found (Spearman rank correlation).
The median signal intensity for all changes was 5.0 (range 1-10). The median signal intensity of Type 1 bone marrow changes was 3.0 (range: 1-7). For Type 2 changes the median intensity was 5.0 (range: 3-9), and for the Type 3 changes 8.5 (range: 8-10)
Discussion
Our results indicate that subtle bone marrow changes detected on STIR MR images of the foot and ankle are common and are not necessarily responsible for symptoms. The prevalence of changes in the current study is relatively high (50%). However, the extent and signal intensity of the bone marrow changes in the current study were substantially smaller than those in symptomatic patients with unexplained chronic foot pain, stress fractures, degenerative disorders, inflammatory arthropathies, necrosis, osteomyelitis, neuropathic arthropathy and other diseases [1, 2, [4] [5] [6] [7] [8] 13] . Admittedly, we have no quantitative comparison because previously published studies in symptomatic feet with bone marrow changes did not measure similarly in Fig. 6 A 46-year-old asymptomatic male volunteer with necrosis-like changes attributed to prominent vascular remnants [22] at the attachment of the cervical and interosseous ligaments (at the Gissane's angle). a Sagittal fast spin-echo STIR image (4, The median, and range (in parentheses) of the long and short diameters of bone marrow changes, area, and signal intensity c On a scale from 0 (=normal) to 10 (=fluid) of the three types of bone marrow changes size and intensity as in the present study. Our Type 1 bone marrow changes resembled signal abnormalities shown in runners after exercise, representing possibly transient and physiological reactions to stress [17, 18] . Our findings were also similar to signal changes described in asymptomatic children, where such changes are considered to represent hematopoetic marrow [19] . The small and subtle edema-like changes seen in the current study should not be difficult to differentiate from clinically relevant lesions, including malignancy [10] .
In our study, the types of abnormality were agedependent. Young volunteers predominantly had edemalike Type 1 changes, and elderly volunteers had all types of changes, including cysts which were not seen before age 50. One explanation for the Type 1 bone marrow changes in young people may be their comparatively high physical activity, resulting in increased mechanical stress reactions. Reconversion or persistence of hematopoietic bone marrow changes is another possible explanation for this finding in our youngest decade. Although by the age of 5 years bone marrow conversion of hematopoetic marrow to fatty marrow is nearly complete in the foot and ankle [20] , isolated islands of red marrow may persist up to the age of young adults [19, 21] .
Five of 15 bone marrow changes of the calcaneus (33%) were located at the calcaneal attachment of the cervical and interosseous ligaments. Such changes have been recently attributed to prominent vascular remnants [22] . Histological examination of four cadaveric specimens within the calcaneus near the insertion of the cervical and interosseous ligaments revealed thinned cortical bone surrounded by fatty marrow and numerous dilated vascular channels [22] .
As a limitation of the study, we acknowledge that we do not have surgical or histological correlation for our bone marrow changes. This is the drawback of any imaging study investigating asymptomatic persons. The few previously published studies [16, 23] where histological correlation was available for edema-like and necrosis-like bone marrow abnormalities have shown rather unspecific histological findings. A mixture of histological abnormalities was consistently seen in such areas [16, 23] . A previously published study addressing bone marrow changes in the knee [16] has shown that bone marrow fibrosis and necrosis is a major component in edema-like bone abnormalities. In so-called necrosis-like zones and in cysts the amount bone marrow necrosis and fibrosis is quantitatively more extensive but qualitatively not substantially different than in the edema-like zones [16] . For the present study, we assume that our three different imaging patterns would show "overlapping" histological findings. However, not only histological findings of edema-like, necrosis-like, and cystic changes may overlap. In patients with symptomatic osteoarthritis of the knee, Carrino et al. [15] demonstrated recently "overlapping" imaging findings with subchondral cysts developing in preexisting regions with subchondral bone marrow edema-like signal. Therefore, it is evident that the differentiation of our three bone marrow patterns (edema-like, necrosis-like, and cyst-like) is somewhat arbitrary.
In conclusion, bone marrow changes on STIR MR images are commonly detected in asymptomatic feet and ankles. They tend to be small (<1 cm) or subtle and should not lead to further diagnostic work-up or treatment without any additional abnormalities.
